This letter introduces a method for designing hierarchical cellular metals employing multipass accumulative bundle extrusion and selective dissolving. The method provides several degrees of freedom for manipulating both the cell-wall properties and architecture of cellular materials. Cellular copper was produced and analyzed as an example of implementing the proposed method. The material hierarchy that can be formed and controlled by means of multipass accumulative extrusion assures strength and enables the material to perform the prescribed functions. Rapid progress of technology and complex systems requires new multifunctional materials. Cellular [1] and porous [2] materials are attractive because they provide a wide range of properties in solids and allow for specific applications requiring features such as low relative density, light weight, good energy and sound absorption, heat dissipation, and large surface area.
This letter introduces a method for designing hierarchical cellular metals employing multipass accumulative bundle extrusion and selective dissolving. The method provides several degrees of freedom for manipulating both the cell-wall properties and architecture of cellular materials. Cellular copper was produced and analyzed as an example of implementing the proposed method. The material hierarchy that can be formed and controlled by means of multipass accumulative extrusion assures strength and enables the material to perform the prescribed functions. Rapid progress of technology and complex systems requires new multifunctional materials. Cellular [1] and porous [2] materials are attractive because they provide a wide range of properties in solids and allow for specific applications requiring features such as low relative density, light weight, good energy and sound absorption, heat dissipation, and large surface area.
The architecture and properties of cell walls are two primary factors that determine the overall performance of the cellular material. Research on conventional methods for manufacturing cellular materials has concentrated only on one of the above factors, often at the expense of the other. For example, techniques involving powders and liquid metals are used to create cellular materials and foams with a vast range of topologies, while the specific strength of such materials is limited because these methods include high-temperature procedures. In this regard, solid-state fabrication of cellular metals at low temperatures is attracting interest. An example of a solid-state fabrication approach can be found in an earlier study, [3] where obtaining porous copper with a high specific strength was reported. However, the importance of the architecture and hierarchy in cellular materials has not been addressed in the research particularly focused on high specific strength, whereas studies dedicated to the architecture and hierarchy [4] [5] [6] [7] [8] have demonstrated that a periodic arrangement of cell walls is superior to a nonperiodic arrangement, while hierarchical structures have advantages over their nonhierarchical counterparts. Overall, techniques that combine both the advantageous architecture and high cell-wall strength appear to be missing.
The current study develops a simple and relatively inexpensive method for producing cellular metals with high specific strength and diverse architecture, including hierarchical ones. It is demonstrated that characteristics of the cellular metal such as hierarchy, periodicity, selfsimilarity, and properties of the cell-wall material can be manipulated at different scales.
In the proposed method, the procedure of producing cellular metals comprises two principal steps: (i) accumulative extrusion of at least two metals to form a fiberreinforced composite containing an interconnected matrix; (ii) selective removal of the cores, which serve as ''mandrels'' for the matrix cells.
Accumulative extrusion is the first step where a precursor composite of a core-shell type is obtained. The concept of accumulative processes was first described in the study by Levi [9] who employed repeated drawing of two metals to fabricate a composite with improved magnetic properties. Accumulative extrusion and drawing were intensively used and developed for producing multifilamentary composites with high strength and good electrical conductivity. [10] With these processes involving bundling, composites containing numerous nanoscale filaments can now be routinely produced. [11] Another advantage of the accumulative extrusion methods is the capability of processing powders, which finds some applications in the field of structural materials as well. [12] For the first step of the proposed method, not only extrusion or drawing, but also any process that provides a reduction in transverse (normal to the extrusion axis) dimensions can be used to produce the precursor composite. Caliber rolling [13] and swaging, repetitive use of which has been demonstrated previously, [14, 15] are examples of prospective processes for the first step. Figure 1 illustrates an extrusion process used in the current study to produce the precursor composite. First, a billet of one material is inserted into another material, and the composite billet is subject to hydrostatic extrusion. The resultant workpiece is cut into rods of the same length, which are bundled to be re-extruded in a similar manner. The newly obtained rods are stacked together and inserted into another shell to form a bundle that is extruded through the same or a similar die. During the second pass, the bundle and the outer shell stick together either by roll bonding (favorable case) or compressive stresses imposed by the outer shell (poorbonding case). When bonded together, the outer shell and the fiber shells form an interconnected matrix as that occurs in the composite. Bonding between the shells is crucial for high strength of the final cellular material. Further extrusion passes are performed by repeating the described procedure: extrusion, cutting, assembling rods, and extrusion. As long as the metal can be extruded without loss of quality, the extrusion can be repeated until the required architecture and matrix fraction are obtained. The matrix fraction is important because it determines the relative density of the eventual cellular material after the cores are removed. The extrusion die may have an inlet of an arbitrary transverse profile; however, a circular inlet that allows extruding cylindrical bundles is convenient. The outlet of the die must have such a transverse profile that the matrix cells will fill the transverse plane without voids. Therefore, possible profiles of the die outlet include hexagons, squares, triangles, or even such shapes that form re-entrant structures in tessellation. [16] The transverse shapes of the die and resultant cells are important because they determine the transverse mass distribution as well as the number of cell walls connecting at a node, and thus, the mechanical properties. [5] Selective removal of the composite cores is the second step of the proposed method, which follows after a composite with the required matrix is obtained. Since bundles are extruded so that an interconnected matrix is formed, the obtained cellular material (former matrix) maintains its shape after removal of the core. Apparently, the cores play the role of ''mandrels'' for the matrix cells. Therefore, as mandrels, the cores must possess appropriate mechanical properties, whereas the core material should be as cheap as possible since it will be removed.
One possible way of removing the core is similar to Raney's method of producing finely divided nickel by dipping nickel-aluminum alloys into a solvent, such as NaOH. [17] This procedure of ''chemical leaching'' has been employed previously [3] for a similar purpose of obtaining a porous metal from a composite. Alternative procedures for selective removal can be based on de-alloying either by using electrochemical methods or by immersing composites into a metallic melt. [18] The step of selective removal leads to the main limitation of the proposed method: the pair of the matrix and core materials must be chosen such that an efficient procedure for selective removal can be found. In this context, ''efficient'' means that core removal should not alter the microstructure attained in the extrusion step and that it can be completed in time frames sufficiently short for industrial scale-up.
Producing cellular copper, as an example, according to the developed method is presented below.
In order to obtain a fiber-reinforced composite, up to three extrusion passes were performed on material where the shell was pure copper and the core was Al 6061 alloy, which formed the matrix and the core of the composite, respectively. Composites with three matrix topologies and corresponding matrix fractions were produced (Figure 2) . Details of the extrusion process and its output are given in Table I . Samples were obtained from the extruded rods after each pass and were immersed in concentrated HCl acid to dissolve the aluminum-alloy core leaving behind the copper shell. Eventually, cellular copper with three topologies shown in Figure 2 were obtained.
Samples obtained after one, two, and three extrusion passes are labeled as copper-1, copper-2, and copper-3, respectively. The same notation applies to the precursor composites in Figure 2 . Copper-1 and copper-2 possess two levels of hierarchy: level 0 is the copper of the cell walls (viewed as a continuum medium [4] ); and level 1 is the cells. At the same time, three levels of hierarchy can be distinguished in copper-3: level 0 is the continuous copper of the cell walls, level 1 is the smaller cells, and level 2 is the larger cells (Figure 3) . Henceforth, the smaller and larger cells are referred to as substructure and superstructure, respectively, as indicated in 
The proposed method provides several degrees of freedom for manipulating the relative density of the cellular material, which is important because mechanical and other properties strongly depend on the relative density. [1] To understand how the relative density can be controlled in the proposed method, we measured the relative density and derived an equation that predicts the relative density as a function of the number of passes and extrusion conditions. The experimental values of the relative density were obtained by weighing the samples before and after removing the cores, and by measuring densities of the solid copper and aluminum alloy. The relative density was also calculated by analyzing optical photographs of the transverse sections (Figure 3) . Almost identical values were obtained by both methods (weighing and image analysis: see comparison in Table I ), suggesting that the transverse sections are essentially constant along the extrusion axis, as is expected from an extrusion process. For deriving an equation that describes the dependence of the relative density on the extrusion conditions, an idealized, yet similar to actual, transverse tessellation was considered (Figure 4) . Since the transverse sections were essentially constant along the extrusion axis, the relative density ( q Ã n =q s ) was determined geometrically as cross-sectional area ( S Ã n ) divided by the area of the corresponding solid hexagon (S hex ), as follows:
where n is the number of passes for producing the cellular metal; N is the number of rods inserted into the bundle to be extruded; r is the extrusion ratio; t is the cell wall thickness; and l is the cell edge-length. The final term in Eq. [1] was obtained after geometric consideration of S hex and S 1 areas. Equation [1] demonstrates that the relative density can be controlled by the following parameters: (i) the number of extrusion passes (n), (ii) the extrusion ratio (r*), and (iii) the thickness of the initial tube (which determines t). Plotting the relative density as a function of the number of passes provides an approximate pictorial guide (Figure 4 ) for the number of passes and geometries required to produce a cellular metal of a prescribed relative density. According to Eq. [1] , the relative density saturates at a certain value, which can be controlled by varying the geometric features listed above.
Varying the transverse tessellation is another means of manipulating the relative density in the proposed method. Equation [1] was derived for the most straightforward tessellation, wherein each bundle was assembled exclusively using the rods obtained from the prior extrusion pass. However, it is also possible to mix the composite rods produced by different numbers of passes. For example, the bundle to be subjected to the third extrusion pass can be assembled using the rods from both composite-1 and composite-2, as shown in Figure 3 . Furthermore, instead of bimetal rods with cores that must be subsequently removed, rods made from copper (or other materials) can be inserted. As a result, numerous architectures and various combinations of materials can be designed with a finely tunable relative density, some examples of which are illustrated in Figure 3 . Meanwhile, since individual cells can be extruded separately, it is possible to control mechanical properties and microstructure in cell walls by varying extrusion conditions such as temperature and strain rate. For example, all copper samples produced in the current study revealed nearly identical mean values of Vickers hardness (Table I) , although cell walls of higher levels of hierarchy underwent more extrusion passes and thus accumulated larger plastic strains. One of the possible reasons for a lack of hardness increase is a relatively high extrusion temperature (0.46T m ), which can be sufficient for dislocation rearrangement. [19] In contrast, extruding at lower temperatures can enable work hardening and strengthening following several passes. While control over strengthening during separate extrusion passes can be employed for introducing functional grading [20, 21] or reinforcements (Figure 3 ), adjusting temperature, strain rate, and preform microstructure to a superplastic extrusion regime [22] can also be considered for some metallic materials to address issues associated with high loads needed for extrusion, especially in the case of high-strength materials.
Since the proposed method provides options for controlling the relative density, the next question is how the mechanical properties depend on the relative density. The experimental measurements of the Young's modulus revealed a linear dependence on the relative density: Table I ). The linear dependence demonstrates that the Young's modulus of the cellular material can be tailored by adjusting the extrusion conditions and manipulating parameters in Eq. [1] . The mechanical behaviors of copper-2 and copper-3 measured under compression in the axial direction ( Figure 5 were found typical of elastic-plastic cellular solids [1] and metallic foams [23] [24] [25] ; i.e., the stress-strain curves reveal regions of linear elasticity, plateaus, and densification. These three regions correspond to axial compression of the cell walls, their buckling, and cell-wall touching, respectively. [1] The overall mechanical behaviors under axial compression, including such characteristics as plastic collapse stress, densification strain, and, thus, absorbed energy, are similar for copper-2 and copper-3 ( Figure 5 ). This similarity indicates that under the currently studied conditions of accumulative extrusion, the strength of hierarchical copper-3 is primarily provided by its superstructure (larger cells). The distribution of mass between hierarchical levels of copper-3 can be responsible for the dominant effect of its superstructure on compression behavior. Indeed, according to the values of the relative density (Table I) , about 86 to 94 pct of the mass of copper-3 is concentrated in its superstructure (assuming copper-2 to be identical to the superstructure of copper-3). Finite element studies of in-plane elastic behavior of honeycombs [5] showed that such distribution of mass in hierarchical honeycombs can lead to elastic moduli similar to that of honeycombs without a substructure. However, further finite element simulations are necessary to elucidate effects of the mass distribution on plastic behavior of the currently studied cellular structures.
Since the strengths in the axial direction were found to be similar in copper-2 and copper-3, it is sufficient to produce a cellular metal by conducting two extrusion passes when only axial loading capacity is considered. However, the hierarchy of copper-3, in which the substructure increases the specific inner surface area by five times that of copper-2 (see values obtained by image analysis in Table I ), can be utilized for performing other functions, e.g., heat dissipation. The efficacy of this ''division of labor'' between the substructure and superstructure can be further elevated by using different materials at different hierarchical levels. The superstructure can be made from a material with a higher strength, whereas a material with better properties for performing certain functions can be chosen for the substructure, e.g., a metal with high heat conductivity for heat dissipation purposes.
To conclude, a relatively simple method of producing cellular metals by means of accumulative bundle extrusion and selective removal has been introduced. The method allows for flexible manipulation of both the architecture and cell-wall properties. The hierarchy attainable through multipass extrusion is useful for performing various functions and load capacity. Cellular copper with three architectures was obtained as an example of the implementation of the method. Young's modulus was found to be linearly dependent on relative density indicating that elastic properties can be tailored by controlling extrusion conditions and tessellation. At similar axial strength, the hierarchical cellular copper produced by three passes possessed a specific inner surface area that was five times larger than its counterpart after two extrusion passes. The current study is expected to encourage further use and improvement of the proposed method for producing excellent multifunctional cellular materials with high strength.
